To determine whether cells of the cribriform trabecular meshwork (TM) express basement membrane (BM) components similar to corneoscleral TM cells and to determine whether cribriform cells are connected to the elastic tendon net of the TM. METHODS. TM cells of the corneoscleral and the cribriform regions were cultured from 10 eyes of 10 donors, aged 20 to 87 years. Cell types were classified by ␣-smooth muscle actin (smA), desmin, and ␣B-crystallin staining. Expression of collagen type IV (ColIV) chains ␣1 to 6; collagen type VIII (ColVIII) ␣1; laminin subunits ␣1 to 5, ␤1 to 3, and ␥1 to 3; and nidogen 1 and 2 was tested in both cell types by semiquantitative RT-PCR (sqPCR). Expression of ColIV␣2, ColVIII␣1, laminin ␤2, and nidogen 1 was quantified by Northern blot analysis. The response to transforming growth factor (TGF)-␤2 treatment was investigated. Serial tangential and sagittal TM sections of 16 eyes from 10 donors (aged 12-90 years) were used for electron-and immunoelectron microscopy. RESULTS. Both TM cell types expressed ColIV chains ␣1, ␣2, ␣4, ␣5, and ␣6; ColVIII ␣1; laminin subunits ␣3, ␣4, ␤1, ␤2, ␤3, ␥1, and ␥2; and nidogen 1, as determined by Northern blot analysis and sqPCR. ColIV ␣3; laminin subunits ␣1, ␣2, and ␥3; and nidogen 2 were not detectable by PCR. Responses to TGF-␤2 treatment did not differ between cell types. In vivo, all cribriform cells were in contact with ColIV containing BM material and were found to connect to the cribriform elastic network. CONCLUSIONS. Cribriform and corneoscleral TM cells show no differences in expression of BM components and response to TGF-␤2. The direct connection of cribriform cells to the elastic tendon network suggests that they are under mechanical tension. This could explain previous findings of ␣B-crystallin expression in the cribriform region. (Invest Ophthalmol Vis Sci. 2006;47:794 -801) DOI:10.1167/iovs.05-0292 T he trabecular meshwork (TM) of primate eyes consists of two distinct portions that differ in morphology and function. The inner TM is formed by connective tissue lamellae, which are completely covered by trabecular cells. These cells produce a continuous basement membrane (BM) around the central lamellae. Abutting this region lies the cribriform or juxtacanalicular meshwork, formed by star-shaped cribriform cells embedded in extracellular matrix (ECM). These cells are connected to each other and also to the inner wall of Schlemm's canal (SC).
T he trabecular meshwork (TM) of primate eyes consists of two distinct portions that differ in morphology and function. The inner TM is formed by connective tissue lamellae, which are completely covered by trabecular cells. These cells produce a continuous basement membrane (BM) around the central lamellae. Abutting this region lies the cribriform or juxtacanalicular meshwork, formed by star-shaped cribriform cells embedded in extracellular matrix (ECM). These cells are connected to each other and also to the inner wall of Schlemm's canal (SC). 1 Experimental and comparative physiological studies indicate that approximately 90% of the aqueous humor (AH) outflow resistance of the TM is located within the cribriform region. 2 The aqueous passages through the corneoscleral lamellae are too large to account for outflow resistance; instead, this region serves as a biological filter. 3, 4 Trabecular cells in the corneoscleral and cribriform regions may have functional differences. Cells cultured from both regions stain for ␣-smooth muscle actin (␣-smA) and vimentin, but only cribriform cells stain for the stress protein ␣B-crystallin. 5 This difference led us to conduct studies with cribriform and corneoscleral cells separately, a laborious process. Of interest, however, we found that the expression pattern of corneoscleral and cribriform cells was similar for the ECM components metalloproteinases and their inhibitors, as well as the cells' reaction to some exogenous factors like transforming growth factor (TGF) ␤ or dexamethasone (DEX). 6 -8 Why the two trabecular cell types have similar expression patterns for many molecules, but not ␣B-crystallin, is unknown. In intact TM, morphologic differences between cribriform and corneoscleral cells exist in their shape, location, and BM. Understanding the in situ milieu of the cells may explain their different molecular characteristics.
To investigate the potential similarity or difference of these cells, we compared BM production in cultured cribriform and corneoscleral cells. In addition, we used electron microscopy to determine whether BM material is morphologically associated with cribriform cells. We also examined their potential connection to the cribriform elastic network.
MATERIAL AND METHODS

Tissue Culture
TM cell cultures were prepared from eyes of 10 human donors and grown as described previously. 5, 6 The age of the donors ranged from 20 to 87 years. Cells derived from the cribriform and outer corneoscleral meshwork were termed cribriform cells, cells derived from the inner lamellar and uveal portion were termed corneoscleral TM cells. Both TM cell types were distinguished from each other and adjacent scleral spur or ciliary muscle cells by their morphology and immunohistochemical staining, as described previously. 6 In brief, third-passage cells were kept confluent for 7 days and stained with antibodies against ␣-smA, desmin, and ␣B-crystallin (dilutions and suppliers are given in Table 1 ). For desmin and ␣-smA staining, cells were fixed with methanol; for ␣B-crystallin staining, cells were fixed with 4% paraformaldehyde (PFA) for 15 minutes at room temperature (RT). After two washes with phosphate-buffered saline (PBS; pH 7.2/0.1% vol/vol) Triton X-100, antibodies were added in PBS and 2% (wt/vol) bovine serum albumin (BSA) at specific dilutions (see Table 1 ) and incubated overnight at 4°C. After they were washed for 5 minutes in PBS, the cells were incubated with cognate Alexa488-conjugated secondary antibodies (Table 1) for 1 hour at RT. Slides were mounted in Kaiser's jelly and viewed and photographed with a microscope (Aristoplan; Leitz, Wetzlar, Germany). Methods of securing human tissue were humane, included proper consent and approval, and complied with the Declaration of Helsinki.
TGF-␤2 Treatment
Third-passage corneoscleral and cribriform TM cells were kept confluent for 7 days. Before treatment, cells were preincubated in serum-free medium for 24 hours. TGF-␤2 (1 ng/mL, active form; Roche, Basel, Switzerland) was then added for 24 hours. This concentration was chosen as it resembles the mean average of TGF-␤2 levels measured in the AH of patients with POAG. Corresponding control cells were treated equally, but did not receive TGF-␤2. Cell viability was tested before and at the end of treatment and did not reveal any signs of increased cell death in TGF-␤2-treated cells.
RNA Isolation and Polymerase Chain Reaction
TM cells were harvested from 35-mm Petri dishes, and total RNA was extracted with an RNA isolation kit (Stratagene, Heidelberg, Germany). Structural integrity of the total RNA samples was confirmed by electrophoresis in 1% (wt/vol) agarose gels. RNA yield and purity were determined photometrically. First-strand complementary DNA (cDNA) for PCR was prepared from total RNA by using Moloney murine leukemia virus (M-MuLV) reverse transcriptase and oligo[dT]-17 primer. The PCR was performed with the temperature profile as follows: 36 cycles of 1 minute melting at 94°C, 1 minute of annealing, and 2 minutes' extension at 72°C followed by an end extension step for 10 minutes at 72°C after the last cycle. All PCR primers were purchased from Invitrogen (Darmstadt, Germany) and span exonintron boundaries. Primer sequences, positions, annealing temperatures, and PCR product sizes are given in Table 2 . Functionality of primer pairs was tested before to exclude false-negative results. Sizes of the PCR products were estimated from the migration of a DNA size marker run concurrently (100-bp DNA ladder; Promega, Madison, WI). RNA that was not reverse transcribed served as the negative control for PCR and showed no amplified products. To allow semiquantification, PCRs for the housekeeping-gene glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) were performed on the cDNAs of corneoscleral and cribriform TM cells to estimate the amount of cDNA used for the subsequent BM component PCRs. Band intensities were quantified (BioDocAnalyze image analysis software; Whatman-Biometra, Göttin-gen, Germany) and differences in GAPDH were considered. Mean averages of corneoscleral TM cells are set to 100%, and values of cribriform cells are given as mean average (MA) Ϯ SD percentage of corneoscleral expression.
Northern Blot Analysis
Total RNA (15 g) was size fractionated by gel electrophoresis in 1% (wt/vol) agarose gels with 2.2 M formaldehyde, subsequently transferred onto a nylon membrane (Roche, Basel, Switzerland) by vacuum blotting, and cross-linked at 1600 J (Stratalinker; Stratagene). Membranes were prehybridized in solution (Dig Easy Hyb; Roche Diagnostics, Indianapolis, IN) for 1 hour at 68°C. Hybridizations were performed at 68°C overnight in the hybridization solution (Dig Easy Hyb; Roche) containing 50 ng/mL of a specific antisense probe. Riboprobe synthesis has been described previously. 9 After hybridization, the membranes were washed twice in 2ϫ SSC and 0.1% (vol/vol) sodium dodecyl sulfate (SDS) for 10 minutes at RT, then either twice in 0.1% SDS for 10 minutes at RT or 15 ). Alkaline-phosphatase-conjugated antidigoxygenin antibody (␣-DIG-AP; Roche Diagnostics) was added at a dilution of 1:10000 in blocking solution and allowed to react for 30 minutes at RT. After incubation, the membranes were washed four times for 15 minutes each in washing buffer at RT and equilibrated in detection buffer (100 mM Tris-HCl, 100 mM NaCl [pH 9.5]) for 10 minutes at RT. For chemiluminescence detection, membranes were incubated for 5 minutes with chemiluminescent substrate (CDP-Star; Roche Diagnostics) diluted 1:100 in detection buffer at RT. Chemiluminescence was detected (Lumi-Imager workstation; Roche Diagnostics, Mannheim, Germany), with exposure times ranging between 2 minutes and 1 hour. Amount and quality of the RNA for quantification was tested afterward by methylene blue staining of the 28S and 18S rRNA bands. Quantification was performed on the workstation (LumiAnalyst Imaging software; Roche Diagnostics).
Histologic Processing
Sixteen eyes of 10 donors with no history of ocular disease were studied. The age of these donors ranged from 12 to 90 years. The eyes were bisected at the equator and fixed by immersion in a mixture of glutaraldehyde-formaldehyde. Mean postmortem time until fixation was 15 Ϯ 3 hours. Anterior segments of the eyes were cut into quadrants, and wedges of 2-mm width were dissected from each quadrant, containing the TM and adjacent cornea, sclera, and ciliary body. Specimens were rinsed in cacodylate buffer, postfixed in 1% osmium tetroxide (OsO 4 ), dehydrated in an ascending series of alcohol, and embedded in Epon according to standard methods. Sagittal and serial tangential ultrathin sections parallel to the inner wall of SC from the chamber angle were cut and mounted on coated slotted grids 
Immunoelectron Microscopy
Specimens of the chamber angle were prepared as just described and fixed in 4% (vol/vol) PFA and 0.1% (vol/vol) glutaraldehyde in PBS for 2 hours at 4°C. To prepare frozen sections, we soaked pieces of fixed tissues in 4% (wt/vol) sucrose in PBS for at least 24 hours and froze them in liquid nitrogen. For pre-embedding immunocytochemistry, 25-m cryostat sections were cut and mounted on coverslips (Thermanox; Nunc, Wiesbaden, Germany). Cryosections were blocked in dry milk solution (Blotto; Santa Cruz Biotechnology, Santa Cruz, CA) for 30 minutes. Anti-ColIV or i-ColVI antibodies were applied in PBS and 0.2% (wt/vol) BSA to the sections and incubated overnight at 4°C (for dilutions and suppliers, see Table 1 ). After six rinses in PBS and 2% (wt/vol) BSA, sections were incubated overnight at 4°C with ultrasmall gold-conjugated anti-rabbit or ant-mouse F(abЈ)2 in PBS and 0.2% (wt/vol) BSA. Sections were then rinsed five times in PBS and 2% (wt/vol) BSA and two times in PBS and fixed with 2.5% (vol/vol) glutaraldehyde in PBS for 2 hours at 4°C. Silver enhancement was then performed (R-Gent SE-EM; Aurion, Wageningen, The Netherlands) for 1.5 hours in darkness. Sections were postfixed with 0.5% (wt/vol) OsO 4 in PBS and embedded in Epon. Ultrathin sections of the specimens were cut and examined by electron microscope (EM 902; Carl Zeiss Meditec, Inc.). Controls sections were treated the same way but without primary antibodies. No control sections showed labeling with gold particles.
RESULTS
Classification of Cultured Cribriform and Corneoscleral TM Cells
All 10 monolayers of the cells from the cribriform and corneoscleral TM consisted of small, elongated cells that were almost all positive for ␣-smA staining (Figs. 1A, 1D) . None of the cells stained for desmin, a typical marker for contamination with ciliary muscle cells (Figs. 1B, 1E ). The cribriform TM cells showed intense staining for ␣-B crystallin (Fig. 1F) , whereas the corneoscleral TM cells did not stain, or only faintly stained, for that small stress protein (Fig. 1C) . We obtained specific products of the ColIV chains ␣1, ␣2, ␣4, ␣5, and ␣6 ( Fig. 2A) , whereas the ␣3 chain was not detectable (not shown). Type VIII collagen was also studied, as it is a component of Descemet's membrane, and the BM of the inner TM lamellae appears to be the continuation of Descemet's membrane under electron microscopy. ColVIII showed a specific signal for the ␣1 chain ( Fig. 2A) . Analysis of laminin subunits revealed positive signals for laminin ␣3, ␣4, ␤1, ␤2, ␤3, ␥1, and ␥2 ( Fig. 2A) , but not for the subunits ␣1, ␣2, and ␥3 (not shown). Nidogen 1 ( Fig. 2A ), but not nidogen 2 (not shown), expression was detectable. The expression patterns of all 10 cribriform TM cell lines was identical with the corneoscleral cells, even for the expression of type VIII collagen. Figure 2A shows a single representative experiment. Semiquantification of PCR band signal intensities showed no differences in the expression levels of the BM components (Fig. 2B ). Mean averages of signal intensities obtained from corneoscleral cells are set to 100%, and the values of cribriform cells are given as MA percentage Ϯ SD (n ϭ 10).
To assess slight quantitative differences in the expression of the BM components between the cell lines, Northern blot analysis, as a more sensitive method, was conducted. As we were limited by the amount of RNA we could extract from the single cultures, we examined only one member of each BM component group that gave an explicit positive signal in the PCR (Fig. 3A) . The quantification of the Northern blot data did not reveal any differences in the mRNA amounts of ColIV␣2, ColVIII␣1, laminin ␤2, and nidogen 1 between the two cell lines. Signal intensities were quantified by adjustment to the signals of the 28S and 18S rRNA bands. Mean averages of the corneoscleral TM cells are set to one, and the expression in cribriform cells is given as x-fold (MA Ϯ SD; n ϭ 3; Fig. 3C , Table 3 ).
Response to TGF-␤2
TGF-␤2 did not alter expression levels of nidogen 1 (Figs. 3B,  3C) , ColIV␣2, ColVIII␣1, and laminin ␤2 (Fig. 3C) for either corneoscleral or cribriform cells (Figs. 3B, 3C ). For quantification, values of the untreated corneoscleral cells are set to one, and signal intensities of TGF-␤2-treated corneoscleral and cribriform TM cells are given as x-fold (MA Ϯ SD; n ϭ 3). Signals of the 28S and 18S rRNAs served as the control for equal loading and were considered for quantification (Figs. 3B, 3C ; Table 3 ).
Electron Microscopy
Serial sagittal and especially tangential sections through the cribriform region revealed BM-like material adjacent to all cribriform cells. Fine fibrils branching off the sheath of the cribriform elastic fiber network inserted into this BM material (Fig.  4A) . The distribution of the material varied in amount and localization among different cells. Some single cells had almost half of the circumference of the cell surface in contact with BM-like material, whereas other cells had the material only in small regions of the cell surface (Fig. 4B ). These differences in amount of BM-like material were dependent on the position of the cell within the TM and its environment. In places where a cribriform cell bordered optically empty pathways, the cell surface was completely free of BM-like material (Fig. 4B) . In contrast, those parts of the cell surface facing fibrils of extracellular material showed a clearly distinguishable line of BM material (Fig. 4A) . In these places, connecting fibrils originating from the cribriform elastic network were in direct contact with the BM-material. The connecting fibrils showed a typical cross-banding where they branched off the sheath of the elastic fibers. Toward the cribriform cells this cross-banding was no longer visible, and the connecting fibrils split into bundles of fine fibrils that attached to the BM-like material of the cribriform cells (Fig. 4A) . In these areas, the cell membrane of the cribriform cells showed densifications and small extensions toward the region of attachment. The cell membrane undulated in the attachment areas. Existence of BM material at the cribriform cells was independent of the functional state of the cells. Both cribriform cells filled with phagolysosomes, and cells containing numerous Golgi membranes and rough endoplasmic reticulum, but without phagosomes, showed BM material at their surface (Fig. 4B) .
Collagen type IV specific immunogold labeling confirmed that the BM-like material adjacent to the trabecular cells of the lamellae contained this collagen (Fig. 5A) . A similar staining was present within the BM-like material of the cribriform cells (Fig. 5B) . Labeling for collagen type VI was found at the fine fibrils splitting off the cross-banded connecting fibrils and inserting into the BM-like material. The cross-banded fibrils themselves were not labeled (Fig. 5C ). Collagen type IV (not shown) and type VI (Fig. 5D ) staining control sections did not show labeling within the BM-like material.
DISCUSSION
In the present work we studied whether two cell types in the TM, cribriform and corneoscleral cells, can be distinguished by differences in the expression of BM components. To answer this, we focused on three distinct questions: (1) which BM components are expressed by TM cells, (2) what are the differences in the expression profiles between corneoscleral and cribriform TM cells, and (3) do these two cell types respond differently to TGF-␤2? We examined four components of BM: collagen IV, laminin, nidogen, and collagen VIII. Collagen type IV chains ␣1 and ␣2 are ubiquitous BM components forming a cross-linked scaffold in mature basal laminae. 10 -12 In contrast, the incorporation of ␣3, ␣4, ␣5, or ␣6 chains is variable and apparently linked to functional features of specialized BMs. [11] [12] [13] [14] Mutations in the genes coding for these chains correlate with genetic diseases like Alport syndrome, Goodpasture syndrome, and leiomyomatosis, causing severe organ-or tissue-specific dysfunction. 11, [15] [16] [17] [18] [19] [20] [21] Pathogenic mutations in just one of these genes may lead to the absence of the other isoforms within the BM, suggesting dependency of expression among them. 16, 17 In contrast, however, in the ␣3 knockout mouse, expression of the ␣4, ␣5, and ␣6 chains was detectable, which contradicts a coupled expression mechanism. 13, 20 In our study, cribriform and corneoscleral TM cells expressed the ␣1, ␣2, ␣4, ␣5, and ␣6 chains but not the ␣3 chain, supporting the knockout mouse data. The functional relevance of the ␣3 chain, however, is not known. In the anterior eye segment, ␣3 expression and deposition was shown in the specialized BMs of Descemet's membrane and the lens capsule. 15, 19 Of interest, at the transition from cornea to TM, ␣3 expression ends, and the tissue loses its transparency.
Laminins are the most abundant linking proteins in BMs. 14, 22, 23 We found expression of laminin subunits ␣3, ␣4, ␤1, ␤2, ␤3, ␥1, and ␥2 but not of ␣1, ␣2, and ␥3 in cribriform and in corneoscleral TM cells. Laminins are heterotrimers of one ␣, ␤, and ␥ chain, whereas the ␣ chains seem to be crucial for specific function and tissue distribution.
14,22,23 Laminin ␣1 expression was described only in early stages of epithelial cell BM development, 23 and ␣2 seems to be restricted to skeletal and cardiac muscle cells and the peripheral nervous system. 14, 22, 23 The ␣3 chain is typically found in stratified epithelium, like in skin, which is of ectodermal origin, and ␣4 is characteristic for mesenchyme-derived cells. 14, 22, 23 Because both the ␣3 and ␣4 chain are expressed in corneoscleral and cribriform cells, this finding does not help to clarify the question of whether the TM is of neuroectodermal origin or invades the eye with the vasculature, and would thus be of mesenchymal origin. The absence of the ␥3-chain was not surprising, as this chain is not BM associated and is found in apical epithelial surfaces and the peripheral nervous system. 24 Nidogens function as bridging proteins between collagens and laminins. 14, 22, 23 We detected expression of nidogen-1 in both trabecular cell types, whereas nidogen-2 was not detectable. Nidogen-2 is not essential for BM formation as shown in the knock-out ( Ϫ / Ϫ ) mouse, 25 and therefore expression of one nidogen seems to be sufficient for correct BM formation.
The fourth BM component we investigated, type VIII collagen, is predominantly synthesized by endothelial cells such as vascular endothelium cells. 26, 27 It is the major component of the wide-spaced collagen of Descemet's membrane. 28 -32 In Descemet's membrane, type VIII collagen may stabilize the cornea against IOP and outside influences. 26, 32 The peripheral regions of Descemet's membrane are the regions where the elastic fibers of the TM as well as the tendons of the ciliary muscle insert. 33, 34 Shuttleworth 26 noted that type VIII collagen is associated with microfibrils of elastic tissues. Based on this, ColVIII expression in the TM cells could contribute to stability against fluctuations of IOP and the mechanical tension of the ciliary body tendons, which insert to the elastic network of fibers in the TM. This network connects to the BM by connecting fibrils.
The second question we investigated was the difference in expression profiles of BM components between corneoscleral and cribriform cells. To our surprise, despite the initially described morphologic differences, 4, 5, 35 our biochemical investigations showed that the selected BM components were expressed qualitatively and quantitatively equally. The answer to the third question, response to TGF-␤2, also revealed similar expression profiles for both cell types. Of note, we did not find any changes in collagen type IV expression after treatment with TGF-␤2 in concentrations that resembled those found in the aqueous of patients with POAG. In contrast, astrocytes of the optic nerve head respond to TGF-B2 with an increase in collagen type IV expression. 36 In keeping with this, increased amounts of BM material under the inner wall of SC are not found in the TM of patients with POAG, whereas in the lamina cribrosa region of the optic nerve, type IV collagen is significantly increased. 37 Our ultrastructural investigations show that all cells of the cribriform region have adjacent BM-like material and that this BM-like material is connected to the elastic cribriform network. The cribriform cells are thus indirectly connected to the elastic tendons of the ciliary muscle. In regions of "optically empty" spaces, no BM was visible. "Optically empty" in this context does not necessarily mean that there is no ECM in these regions; however, this material is probably lost during the embedding procedure. 38 At places where the elastic fibers were attached to the BM-like material of the cribriform TM cells, the cell membrane was undulated and thickened, whereas the corneoscleral TM cells had a smooth cell membrane. This finding could indicate that the cribriform cells are exposed to a higher mechanical tension than the cells of the corneoscleral region. In the corneoscleral region, ciliary muscle tendons insert into the connective tissue core of the lamellae and not to the BM of the cells. This difference in mechanical tension caused by different tendon insertions could explain why cribriform cells show increased expression of the stress protein ␣B-crystallin. This protein is the only differentiating factor we have found between the two cell types. 5 
